Abstract Fertilisers, especially nitrogen (N) and phosphorus (P) supplies, are frequently used in agricultural soil management to attain high crop yields. However, the intensive application of these chemical inputs can decrease the quality of agricultural soils and increase the probability of environmental pollution. In this study, the impact of P fertilisation on the diversity of the soil bacterial community was assessed. For this, a culture-independent approach targeting 16 rRNA and phoD genes was used on DNA extracted from pasture soils subjected to three different P fertilisation regimes for a long-term (42 years). As alkaline phosphomonoesterase (ALP) is necessary for mineralisation of organic P, an inverse relationship between the level of potential ALP activity and soil available P was expected. Indeed, a lower ALP activity was observed in soil subjected to higher chemical P fertiliser input. Analysis of the prevalence of three divergent families of ALP (PhoA, PhoD and PhoX) in metagenomic datasets revealed that PhoD is the most frequent ALP in soil samples and was selected as the most representative ALP possessed by the soil bacterial communities. Diversity of the phoD phosphorus mineraliser group, as well as the total bacterial community, was both increased in response to long-term P fertilisation. Specifically, phosphorus fertilisation decreased the relative abundance of certain taxa, including Acidobacteria and Pseudomonas fluorescens. In conclusion, this study shows that P fertilisation affects the microbial diversity of soil ecosystems, which might potentially modulate the soil biogeochemical cycle.
Introduction
Inorganic fertilisers are frequently used in conventional agriculture to attain high crop yields. However, the intensive application of these chemical inputs can decrease the quality of agricultural soils and increase the risks of environmental pollution (Tilman et al. 2002) . Because of concerns regarding economics and environmental protection, viable alternatives to these chemicals are being sought (Goulding et al. 2008) . One potential alternative relies on the exploitation of the indigenous soil microbial community (Morrissey et al. 2004) . Indeed, microorganisms are essential drivers of nutrient cycles in the soil and can thus influence crop productivity by improving the flow of carbon (C), nitrogen (N), phosphorus (P) and other elements (Nannipieri et al. 2003) . Therefore, in reduced-input agro-ecosystems, these microbial activities are likely to be decisive for ecosystem functioning. Understanding the contribution of microbes to plant Electronic supplementary material The online version of this article (doi:10.1007/s00374-012-0755-5) contains supplementary material, which is available to authorized users. nutrition is then essential to the development of sustainable agricultural practices.
Many soil bacteria and fungi have the ability to mobilise insoluble soil P into bioavailable forms that can be taken up by plants. Some soil microorganisms (e.g. mycorrhizal fungi and phytohormone-producing bacteria) can enhance the uptake of orthophosphate anions through extension of the root surface area (Karandashov and Bucher 2005; Richardson et al. 2009 ). Alternatively, other microorganisms can directly dissolve precipitated inorganic phosphate by simply acidifying the soil, or mineralise P from organic compounds via enzymatic hydrolysis. The dissolving of inorganic P is usually attributed to microorganisms which have the ability to acidify the local environment through the release of organic acid (Uroz et al. 2009 ). For instance, mobilisation of insoluble soil inorganic P by Pseudomonas spp. is mediated through the extracellular production of gluconic acid (Miller et al. 2010; Rice et al. 2012) . The mineralisation of insoluble organic P pool by the production of specific enzymes, such as phosphomonoesterases (Rodríguez et al. 2006 , Nannipieri et al. 2011 , phytases (Yao et al. 2012 ) and phosphonatases (Kamat et al. 2011) , is also a significant aspect of P cycling in the soil. Among the enzymes involved in organic P mineralisation, bacterial alkaline phosphomonoesterases (ALPs) have been most thoroughly investigated in term of their biosynthesis, catalytic properties and genetic controls (Eder et al. 1996; Galperin and Jedrzejas 2001; Monds et al. 2006; Zaheer et al. 2009; Drozd et al. 2011; Sebastian and Ammerman 2011) . To date, three distinct ALP families (PhoA, PhoD and PhoX) have been defined based on their sequence similarities and substrate specificities (Luo et al. 2009; Kageyama et al. 2011; Kathuria and Martiny 2011) . Enzymes belonging to the PhoD family displayed Ca 2+ -dependent hydrolysis activity for monoesters but also for diesters and are therefore classified as phosphomonoesterases and phosphodiesterases (Kageyama et al. 2011) .
The ecological functions associated with microbial activities in the soil are related with microbial community structures (Nannipieri et al. 2003; Fierer et al. 2012) . It is now generally accepted that the composition of these microbial communities is influenced by the plant species and cultivar but also by soil type, climate and land management practises (Berg and Smalla 2009 ). The consequences of these shifts on microbial community functions related to Ncycle, such as nitrification and denitrification, have been investigated in a number of studies (Philippot and Hallin 2005; Chu et al. 2007; Mao et al. 2011) . In contrast, our knowledge about the impact of various environmental and anthropogenic factors on the P mineralising microbial communities is still limited and restricted to cultivable bacteria (Browne et al. 2009 ). Distribution and diversity of functional genes in microbial community could be investigated using the state-of-the-art techniques such as deep sequencing of the soil microbiome (reviewed in Barret et al. (2011) ). The recent development of a functional molecular marker targeting the bacterial ALP (Sakurai et al. 2008 ) provides a good opportunity to study the impact of P fertiliser amendment on the diversity of ALP-producing bacteria.
The aim of this study was to evaluate the impact of longterm P fertilisation regimes on the P mineralising group in bacterial community. To do so, the effect of P fertilisation on the bacterial community diversity was initially compared between three pasture soils managed over 42 years with no, medium and high inputs of chemical P fertiliser. Then, the influence of exogenous P on the P mineralising bacterial group was assessed through the diversity of ALP-producing bacteria using phoD gene sequence as a molecular marker.
Material and methods

Study site and sampling
The experimental site was established on a humic gleysol with a sandy loam texture and managed by Environment Research Centre, Teagasc, Johnstown Castle, Co. Wexford, Ireland. The agricultural managements have been described in detail in previous studies (Culleton et al. 2000 (Culleton et al. , 2002 King-Salter 2008; Griffiths et al. 2012) . At the start of the trial, in 1968, the site was ploughed and sown with Lolium perenne. The site was divided into three identical fields with the size of 5.40 ha. Phosphorus fertiliser (calcium superphosphate) was applied annually at 0 (0P), 15 (15P) or 30 (30P)kgha −1 on each fields. Nitrogen (ammonium nitrate, 240 kgNha
) and potassium (potassium chloride, 20 kgK ha −1 ) were applied annually to all three fields. Phosphorus and K were applied in spring, while N was applied between spring and autumn. The field of each P treatment level was divided into 12 paddocks (0.45 ha each), among which six paddocks were grazed at a low stocking rate (2,200 kg ha −1 ) and six with a high stocking rate (3,300 kgha −1 ). Since the P fertilisation level applied to the low stocking rate paddocks was no longer constant after 1999, only the high stocking rate paddocks were studied (Griffiths et al. 2012) . Physicochemical characteristics of 0P, 15P and 30P soils had been determined by Griffiths et al. (2012) . In spring 2010, soils of paddock 1#, 2# and 3# of each P treatment were sampled to provide the three field replicates for this study. Soil samples from each paddock were collected from the top 10 cm by taking 20 cores with a gouge auger (1.25 cm diameter) and mixed thoroughly. The soils were handpicked to remove stones and larger soil fauna, sieved to pass through a 3.35-mm mesh. After sampling, the soils were sealed in sterile plastic bags immediately and stored at −20°C.
Measurement of potential ALP activity
Soil ALP activity was determined as described by Tabatabai and Bremner (1969) , using para-nitrophenyl phosphate (pNPP) as a substrate (BioAssay Systems, USA). The soil ALP activity was measured in the three replicate paddocks of each P treatment. One hundred milligrams of wet soil was mixed with 2 ml assay buffer (pH 11) containing 10 mM pNPP. After homogenisation, the mixture was incubated for 4 h at 37°C. Precipitant was removed by filtration, and absorption was measured at 405 nm. One unit of potential ALP activity was defined as the amount of para-nitrophenol (in milligrams) released by 1 g of soil/h.
DNA extraction
Soil crude DNA was extracted from the three field replicates of each P treatment, using the method described by Carrigg et al. (2007) based on bead beating and incubation with lysozyme at 37°C for 30 min. However, a modified CTAB extraction buffer (2 % hexadecyltrimethylammonium bromide, 1.0 M sodium chloride and 120 mM sodium phosphate buffer at pH 8.0) was used. The crude DNA was further purified by gel extraction using GELASE TM (Epicentre, USA) to remove humic acids prior to PCR.
PCR amplification and DGGE analysis
In order to assess the structure of the bacterial community between the three treatments, a preliminary denaturing gradient gel electrophoresis (DGGE) was performed prior to pyrosequencing. Primers with a 40-bp GC-clamp added to the 5′ end were used to amplify the bacterial 16S rDNA (V1-V3 variable region) and phoD genes (Table S1 ). PCR was performed in a total volume of 50 μl on a G-STORM TM GS-1 Gradient Cycler (Alpha Metrix Biotech GmbH, Germany). PCR reaction for 16S rDNA consisted of 10 pmol of each primer (Sigma, Germany), 1 U of Platinum High Fidelity Taq Polymerase (Invitrogen, USA), 1× Platinum PCR Buffer (Invitrogen, USA), 0.2 mM of dNTP (Invitrogen, USA), 2 mM of MgSO 4 and 200 ng of purified soil DNA as template. The PCR programme consisted of an initial denaturation step of 95°C (2 min), followed by 30 cycles of 95°C (30 s), 55°C (30 s) and 68°C (45 s) and a final extension step of 68°C (5 min). In order to amplify phoD, High Fidelity Taq was replaced by Phusion DNA polymerase (NEB Inc, USA). A 50-μl PCR reaction consisted of 50 pmol of each primer (Sigma, Germany), 2 mM dNTP (Invitrogen, USA), 3 % DMSO, 1 U of Phusion Hotstart II DNA polymerase (NEB Inc., USA), 1× Phusion GC Buffer (NEB Inc., USA) and 200 ng of purified soil DNA as template. The PCR programme consisted of an initial denaturation step of 98°C (2 min), followed by 35 cycles of 98°C (10 s), 69°C (23 s) and 72°C (30 s), then a final extension step of 72°C (7 min).
DGGE was performed in a D-Code electrophoresis system (BioRad Laboratories, USA). Polyacrylamide gels were prepared with a linear denaturing gradient ranging from 40 to 60 % for 16S rDNA gene and 50 to 75 % for phoD gene. 16S rDNA or phoD fragments amplified from the three field replicates of each P input level were run on a DGGE gel, at 68 V for 15 h. After electrophoresis, gels were stained with SYBR-Gold (Invitrogen, USA) for 30 min, followed by a destaining step in distilled water for 5 min. Gel images were scanned with GelDocIt TM Imaging System (UVP, USA), and the intensities of each band were analysed by the gel analysis software QuantityOne TM (BioRad Laboratories, USA). DGGE gels were analysed based on the band presence and intensity of DGGE profiles using MVSP 3.1 software (Kovach Computing Service, Anglesey, Wales, UK). A community dendrogram was constructed based on the Jaccard's coefficient and clustered by the nearest neighbour-joining method using the unweighted pair group method with arithmetic mean (UPGMA).
Pyrosequencing
Barcode primers with unique combination of 25 bp header and 10 bp linker added to the 5′ end were used to amplify the same region of bacterial 16S rDNA and phoD genes as in the DGGE experiment (Table S1 ). PCR reactions used the same amplification conditions as stated in the DGGE experiment. All PCR products were purified using GELASE TM (Epicentre, USA). The amplicons were pooled and sequenced by Eurofins MWG Operon Inc. with a Roche 454 GS-FLX Titanium system.
Sequence analysis
Raw data generated by pyrosequencing were separated into two datasets corresponding to 16S rDNA and phoD reads. Using the pre-proceeding programme of MOTHUR (Schloss et al. 2009 ), low-quality (quality score <20) and short (<150 bp) reads were removed, and chimera amplicons were filtered. The 10-bp barcodes were used to identify and sort the reads from different phosphorus treatments. Primers, linker and barcode were then trimmed from each sequence (Table S2) . Following filtering and removal of noise, a total of 9,650, 8,904 and 8,975 reads of 16S rDNA, as well as 11,685, 12,395 and 13,369 reads of phoD, were obtained from the no-, medium-and high-P input soils, respectively.
The 16S rDNA pyrosequencing reads of each treatment (0P, 15P and 30P) were aligned by MAFFT (Katoh and Toh 2008) . Distances matrices were calculated by MOTHUR, and sequences were clustered into operational taxonomic units (OTU) based on a genetic distance of 0.03 using the furthest neighbour method. The phylogenetic affiliation of each OTU was obtained by comparison against the ARB-SILVA taxonomy database using a threshold of 80 % similarity.
The phoD gene sequences were blasted against the NCBI non-redundant protein database using BLASTX with an E value cutoff <1e −10 . The filtered phoD sequences were aligned by MAFFT, and distance matrices were calculated by MOTHUR. Assignment of phoD sequences to OTUs was performed by the furthest neighbour method using a genetic distance of 0.25. This genetic distance was defined by the method developed by Palmer et al. (2009) (Fig. S1 ).
Representative sequences of abundant OTUs (≥10 sequences) were selected from each treatment (0P, 15P and 30P) and merged into a single file. These nucleic sequences were aligned using a seed database of 117 phoD sequences derived from draft or complete genomes (see "Recovery of ALP sequences from genomes and metagenome datasets" section). Maximum-likelihood (ML) trees were built with PhyML (Guindon and Gascuel 2003) using the nucleotide substitution model HKY85 (Hasegawa et al. 1985) . Branch supports were evaluated using the approximate likelihoodratio test (Anisimova and Gascuel 2006) . Phylogenetic trees were visualised and exported using the web-based tool Interactive Tree Of Life (Letunic and Bork 2011) .
Recovery of ALP sequences from genomes and metagenome datasets
Cluster of orthologous group (COG) were associated with representative PhoA, PhoD and PhoX amino acid sequences through the NCBI batch conserved domain search. The following COG identifiers COG1785, COG3540 and COG3211 were used to retrieved 1,358 PhoA, 680 PhoD and 677 PhoX homologs (Berg and Smalla 2009 ) from 1,392 draft or complete genomes presented in the IMG/M database (Markowitz et al. 2008) . Unique protein sequences were aligned using the default parameter of MAFFT. ML phylogenetic trees were built with PhyML using the WAG amino acid substitution model of evolution (Whelan and Goldman 2001) and four categories of substitution rates. The same COG identifiers (COG1785, COG3540 and COG3211) were used to retrieve 2,372 PhoA, 4,990 PhoD and 3,296 PhoX homologs from 236 metagenome datasets. In order to estimate the number of ALP per genome, each ALP was normalised to a single-copy gene (recA). Difference in ALP distribution within each ecosystem was assessed by one-way ANOVA.
Statistic analysis
Soil ALP activity is mean value of three field replicates for each P treatment. Confidence limits of Chao1 and ACE estimators as well as confidence limit of Shannon-Wiener diversity index were calculated by MOTHUR (Schloss et al. 2009 ). Difference in bacterial composition was compared by 99 % upper and lower confidence intervals for proportions. The relative abundance of PhoA, PhoD and PhoX in different ecosystem categories was compared by one-way ANOVA at a P value <0.05.
Results
Species richness and diversity of total bacterial community altered by P treatment
The long-term impact of P fertilisation on the experimental site that is used to assess the species richness and diversity of total bacterial community in this study has recently been published by Griffiths et al. (2012) . This study showed that after four decades of amendment of calcium superphosphate as P fertiliser, the inorganic phosphate levels between the no, medium and high P fertilised soils demonstrated an increasing trend in response to P amendment (8.2±1.7 μg kg −1 in no-P, 31.6±4.0 μgkg −1 in medium-P and 78.9±
13.3 μgkg −1 in high-P soil) (Griffiths et al. 2012 ). The total P content in soils (408±20 mgkg −1 in no-P, 662±54 mg kg −1 in medium-P and 918±47 mgkg −1 in high-P soil) and the biomass P of microbial communities (79±12 μgkg −1 in no-P, 127±25 μgkg −1 in medium-P and 160±26 μgkg −1 in high-P soil) were also increased by P amendment (Griffiths et al. 2012) . This demonstrated that the P availability in the soils was indeed affected by the long-term impact of P fertilisation.
Comparison of bacterial community structure between the three different P treatments was initially performed by DGGE analysis of 16S rRNA gene. According to the clustering analysis, no-P soil has a distinct bacterial community structure in comparison to the medium-(15P) and highinput (30P) soils (Fig. 1a) . Moreover, the analysis also shows a clear separation between soil samples derived from the medium-(15P) and high-input (30P) soils. The taxonomic information relative to the bacterial community presented in 0P, 15P and 30P soils was further assessed by pyrosequencing of 16S rRNA gene amplicons. Sequences were clustered into OTUs based on a genetic distance of 0.03, a cutoff frequently employed for whole and partial 16S rRNA gene analysis (Schloss and Handelsman 2006) . Rarefaction analysis was performed on each soil sample to assess whether further sampling would likely yield additional OTUs. None of the rarefaction curves of observed 16S rDNA OTUs reach the plateau phase (Fig. 2a) , which indicates that the soils were not sampled to saturation. Incomplete sampling is a commonly observed feature in studies using high-throughput DNA pyrosequencing to assess the bacterial diversity in soil (Roesch et al. 2007; Uroz et al. 2010; İnceoğlu et al. 2011; Nacke et al. 2011) . Therefore, the number of OTUs present in the three soils was predicted with two different non-parametric estimators (Table 1) . According to Chao1 estimator, the number of predicted OTU is constant in the three P treatments. However, based on ACE estimator, the number of predicted abundant OTUs (≥10 sequences) is increased in soil with P inputs in comparison to no-P input (Table 1) . It suggests that the P fertilisation treatment increased the number of abundant bacterial taxa in the soil.
The diversity of the microbial community within each soil was also estimated by the Shannon-Wiener index. This analysis revealed that the bacterial diversity was potentially enhanced by the high fertilisation treatment (Table 1) . These results suggest that the abundance and diversity of the bacterial community are increased by P fertilisation in this grazed pasture. Analysis of the taxonomic composition of the total bacterial community in the different soil samples showed that the dominant bacterial phyla were Acidobacteria, Proteobacteria and to a lesser extends Firmicutes (Table 2) . Although all phyla were represented in every treatment, the proportion of each phylum seems to vary slightly in different soils. For instance, the relative abundance of Acidobacteria is higher in the no-P soil in comparison with the soil amended with P fertilisers. In contrast, the relative abundance of Firmicutes and Proteobacteria seems to increase gradually in soil amended with P. Change Fig. 1 DGGE analysis of 16S (a) and phoD (b) amplicons to assess the bacterial community. UPGMA clustering analysis was used to calculate the similarities between different P treatments. N no-P soil, M medium-P soil, H high-P soil. Field replicates are numbered 1-3 in the relative abundance of Proteobacteria seems to be mainly mediated by an increase of the Alphaproteobacteria.
phoD representing ALP genes in soil ecosystem
The analysis of 16S rRNA gene amplicons has revealed that P fertilisation treatment may influence the taxonomic composition of the total bacterial community. This change might be explained, at least partially, by a decrease of specific bacterial populations capable of dissolving and mineralising P efficiently in soil. Consequently, it suggests that the inorganic and/or organic P mineralisation capacity of the no-P soil would be higher than the capacities of the amended soils. Interestingly, we observed a lower ALP activity was presented in soil subjected to higher chemical P fertiliser input (37.86 ± 3.74 mgpNPg −1 h −1 in no-P, 22.50±3.41 mgpNPg −1 h −1 in medium-P and 13.68±2.36 mgpNPg −1 h −1 in high-P soil).
Since the difference of bacterial ALP activity could be due to selection of specific ALP genotypes in the low-input soils, the recent development of a molecular marker targeting the bacterial ALPs provides a unique opportunity to test this hypothesis (Sakurai et al. 2008 ). However, ALP contains three gene families (phoA, phoD and phoX), which are quite divergent at the sequence level (Fig. 3) . Moreover, the sequences within each gene family are also very diverse (Figs. S2a, S2b and S2c). As a result, it is practically impossible to design a unique primer set capable of amplifying all three ALP families. In fact, the molecular marker designed by Sakurai et al. (2008) is only representative of the phoD gene family.
In order to choose a representative ALP gene family, the abundances of the protein-coding genes phoA, phoD and phoX were assessed in 1,392 genome (Table S3 ) and 236 metagenome datasets (Table S4 ) publicly available in the IMG/M database (Markowitz et al. 2008) . In order to estimate the number of ALP per genome, each ALP gene was normalised to recA, a single-copy gene. Difference in ALP abundance was assessed by one-way ANOVA (Fig. S3) . Overall the relative abundance of phoD was higher than phoX and phoA in the 236 metagenome datasets examined, which is in accordance with previous findings obtained in the ocean (Luo et al. 2009 ). Moreover, phoD was also highly abundant in The 95 % lower and upper confidence limits are presented in parentheses plant-associated metagenomes and in terrestrial ecosystem. Therefore, this gene family was chosen for further analysis.
Species richness and diversity of phoD phosphorus mineralising bacterial group DGGE analysis was performed to estimate the structural diversity associated with phoD in the different soil samples prior to pyrosequencing (Fig. 1b) . The most significant separation (18 % similarity) of the bacterial community was observed between the no-P soils (0P) and fertilised (15P and 30P) soils while the bacterial community from the 15P and 30P treatments shared 29 % similarity. These results clearly suggest an impact of the P fertilisation treatments on the phoD phosphorus mineralising community. To get further insights on modifications of the bacterial phosphorus mineralising community following P treatment, pyrosequencing of phoD amplicons was then performed. According to the rarefaction analysis, the sampling seems to cover all phoD OTUs in the soil (Fig. 2b ). Since the P amendment leads to an increased level of soil P and a decreased level of potential ALP activity, we postulate that reduced-P soils (0P and 15P) should select OTUs with particular phoD genotype and consequently decrease phoD diversity. Using different non-parametric estimators, we showed that the fertilisation treatment increased the phoD gene richness (Table 1) . Furthermore, the diversity of phoD phosphorus mineraliser group within each soil was also estimated by Shannon-Wiener index. The analysis revealed that the bacterial diversity was increased by both the medium and high fertilisation treatments (Table 1) . Altogether these results are in accordance with our initial hypothesis.
Phylogenetic structure of phoD phosphorus mineralising bacterial group
To assess the taxonomic composition of phoD, abundant OTUs (≥10 sequences) derived from the three P treatments were aligned with 117 reference phoD sequences and subjected to phylogenetic analysis. In the resulting phylogeny, phoD sequences are grouped in four major phylogenetic clusters ( Fig. S4 and Table S5 ). Phylogenetic clusters 1 and 2 are essentially composed of bacteria belonging to the Alphaproteobacteria, cluster 3 is mainly composed of Gammaproteobacteria whereas cluster 4 is a mixture of diverse phyla such as Cyanobacteria, Actinobacteria and Proteobacteria. Although no strong relationship was observed between the four main phylogenetic clusters and the three P treatments (Table 3) , some particular OTUs are enriched in specific soil treatment (Fig. S4) . For example, OTU#B1_25_408, which is 97 % similar to Pseudomonas fluorescens SBW25, is more frequent in the no-P soil. This could suggest that this OTU can be involved in the increase of ALP activity.
Discussion
Different P availabilities created by long-term P fertiliser amendments
The long-term impacts of P fertiliser amendment on soil physicochemical characteristics of the experimental site were recently published by Griffiths et al. (2012) . This showed a relatively lower P availability in 0P soil and a higher P availability in 15P and 30P soils. Since the calcium superphosphate is an acidic fertiliser, which is produced from phosphate rock granules dissolved by sulphuric acid, it is expected that the 15P and 30P soils subjected to more calcium superphosphate amendment should have a more acidic pH. Interestingly, an opposite trend was observed (Griffiths et al. 2012) . This might be due to pH variance between different soil paddocks. Another possibility is that in the relatively P-limiting environment of 0P soil, some microorganisms produced organic acids to dissolve the precipitated inorganic phosphate (rock P) and supplement their P nutrition (Kirk 1999; Rodríguez et al. 2006 ). Indeed, a higher level of dissolved organic carbon, which includes the organic acids, was observed in the no-P soil in comparison to medium-P and high-P soils (Griffiths et al. 2012) . It suggests that besides the organic mineralisation activity, the utilisation capacity of inorganic P might also be promoted by the P-limiting condition of no-P soil.
Composite influences of P fertilisation on the diversity and composition of bacterial community
After four decades of P fertilisation, the diversities of the total bacterial community and the phoD phosphorus mineraliser group associated with the P-rich environment resulted from long-term P fertilisation are increased, in comparison to the relatively P-limiting environment in no-P soil. These findings are in accordance with other studies performed on different agricultural and forest soils (Zhong and Cai 2007; Richardson and Simpson 2011; Liu et al. 2012) . For example, application of long-term N+P+K fertiliser input to a paddy soil has been shown to enhance the diversity of the soil total microbial community in comparison to soil subjected solely to N+K treatments (Zhong and Cai 2007) . However, conflicting results exist, since P fertilisation also decreased the soil microbial diversity in other agroecosystems Chhabra et al. 2012) . For instance, Chhabra et al. (2012) observed that no-P input could decrease the diversity of phosphorus mineraliser bacterial group in the barley rhizosphere. Altogether, it seems that P input may not be the sole factor responsible for alteration in abundance and diversity of the microbial community and that other environmental factor, or a combination of factor, such as soil characteristics and/or climate, might also be involved in this process. Analysis of the taxonomic composition of the total bacterial community in the different P treatments showed that the relative abundance of some bacterial phyla, such as the Acidobacteria, was decreased in P-fertilised soils. Since the abundance of Acidobacteria is positively associated with low soil pH (Jones et al. 2009 ), the lowest pH of the no-P input soil could explain this shift. Alternatively the decrease in relative abundance of this oligotrophic bacterial phylum along with an increase of copiotrophic phyla such as Proteobacteria in the high-P soil could suggest that the bacterial community become more copiotrophic as P inputs increased, a pattern already observed in soil amended with N fertilisers (Fierer et al. 2012 ). Short-term environmental factors such as seasonal cycles (Smalla et al. 2001 ) and weather events (e.g. acid rain) (Pennanen et al. 1998 ) could all induce short-term fluctuation of bacterial community. As the diversity and composition of bacterial community were assessed on a single sampling time point, the observation of the bacterial community might be biased. However, these short-term factors could be shaded by the effect of extremely long-term (42 years) fertiliser input, and the bias was minimised since the bacterial communities associated with the three longterm fertilised sites were directly compared.
Decreased soil ALP activity in response to P fertiliser amendment The shift in bacterial community structure observed across the P gradient could result in a modification of the phosphorous mineralising bacterial community, which might ultimately alter its P mineralisation capacity. Interestingly a lower ALP activity was indeed presented in soil subjected to higher chemical P fertiliser input, while a soil relatively more limited in inorganic P possessed an increased potential ALP activity. The same trend was also observed in other soils subjected to P fertiliser amendments (Van Aarle and Plassard 2010). In addition, P amendment in manure could create a higher ALP activity in soils in comparison to mineral P fertilisers (Nannipieri et al. 2011) . It suggests that inorganic P availability might have a negative effect on ALP activity in soils while organic P matters is in contrast.
It was determined that Ca 2+ is the co-factor of PhoD and PhoX Maruo 1978, Wu et al. 2007) . Since the applied P fertiliser (calcium superphosphate) would introduce extra amount of calcium into the medium-P and high-P soils, the observed lower ALP activity in the medium-P and high-P treatments were not due to limitation of calcium availability in the soil. Moreover, since pH in the medium-P and high-P soils was even more alkaline compared to the no-P soil, the pH will potentially increase the ALP activity in medium-P and high-P soils. However, the total observed ALP activity in no-P was still higher in comparison to medium-P and high-P soils. Therefore, the decreased ALP activity in the P fertilised soils could be explained in part by shift of dominant phosphorus mineralising bacterial group. To test this hypothesis, the diversity of ALP producing bacteria was assessed using phoD as a functional molecular marker. This analysis showed that phoD diversity was decreased in the no-P soil and that some specific phoD phylotypes related to P. fluorescens were enriched in this soil. P. fluorescens is recognised as an important inorganic and organic P mineralising microbe (Hayat et al. 2010; Miller et al. 2010) . In consequence, the reduced P fertilisation could increase the abundance of P. fluorescens and improve the release of P from different organic and inorganic sources present in the soil. However, it remains to be demonstrated whether PhoD is responsible for the increase of potential ALP activity since it has been previously reported that PhoD has a minor ALP activity compared to PhoX in P. fluorescens (Monds et al. 2006) and Sinorhizobium meliloti (Zaheer et al. 2009 ). These lower activities of PhoD in these two bacterial strains could be explained by substrate specificity. Indeed, PhoD of the cyanobacterial strain Aphanothece halophytica displays hydrolysis activities for mono-and di-ester in a Ca 2+ -dependent manner (Kageyama et al. 2011 ) and thus could be classified as a phosphomonoesterase and phosphodiesterase.
Potential limit and bias of current adopted ALP functional marker phoD Compared to the overall ubiquity of phoD within genomic data (Table S3) , the distribution of phoD in this study seems to be restricted to few bacterial phyla. For instance, numerous sequences seem to be related to the Alphaproteobacteria. The over-abundance of alphaproteobacterial phoD is likely to be a potential amplification bias caused by the primers specificity rather than the real distribution of phoD. Indeed, the primers used in this study have been designed from phoD sequences derived principally from Alphaproteobacteria (Sakurai et al. 2008) . Accumulation of phoD sequences from different genome or metagenome projects will probably help in the near future the design of a more comprehensive set of phoD primers. While this study focused on phoD gene diversity, it would be very interesting for future research to assess the expression level of phoD in the three P treatments, as expression is directly related with the soil ALP activity.
Conclusion
This study has evaluated the ecological impacts of long-term stable P amendment in a pasture system. High level of P input enhances the total microbial biomass in the soil and also seems to increase the soil bacterial diversity. In addition, P amendment seems to decrease soil ALP activity. This trend could be explained at least partially by the selection of specific ALP genotypes encoding enzymes with enhanced activities. Interestingly some specific phoD genotypes were indeed enriched in the no-P soil. However, association between genotype and ALP activity remains to be assessed. Moreover, others studies targeting phoX and phoA could also be interesting complementing approaches. Nonetheless, the changes in the relative abundance of dominant bacterial phyla such as Acidobacteria clearly demonstrate that P fertilisation induces shift in the soil microbial community, which is likely to have implications on ecosystem functioning.
